and 28 days) and late (3 and 6 months) chronic infection. We found that a majority of 23 the host genes which increase in abundance at day 21 postinfection are still increased 6 24 months postinfection for both male and female mice. While most of the differentially 25 expressed genes were similar between sexes, females have far fewer genes that are 26 significantly less abundant, which may lead to the slight increased cyst burden in males. 27
Transcripts for C-X-C Motif Chemokine Ligand 13 (CXCL13) and a C-C Motif 28
Chemokine Receptor 2 (CCR2) were significantly higher in females compared to males 29 during infection. As T. gondii chronic infection and profilin (PRF) confer resistance to 30
Listeria monocytogenes infection in a CCR2 dependent manner, the sex specific 31 difference in CCR2 expression lead us to re-test the protection of PRF in both sexes. 32
Chronic infection as well as PRF were nearly as effective at reducing the bacterial 33 burden in male versus female mice. These data show that most of the differentially 34 express host genes are similar between males and females, important differences exist 35 leading us to emphasize the inclusion of both sexes for future studies. The parasitic protozoan Toxoplasma gondii has the unique ability to form long-lasting 40 chronic infections in the central nervous system (CNS) of humans and other mammals. 41
After the initial infection through ingestion of either T. gondii oocysts or tissues cysts, 42 the fast-growing tachyzoite form travels into the CNS and transitions into the slow-43 growing bradyzoite. These bradyzoites form cysts in the brain, primarily within neurons 44
(1), and reside there presumably for the lifetime of the host. The long-term effects of 45 chronic T. gondii infection on the body and brain are poorly understood, and current 46 antiparasitic drugs are ineffective against this chronic form. Although otherwise healthy 47 individuals chronically infected with T. gondii are clinically asymptomatic, the risk of the 48 risk of cyst reactivation is inherent when an infected person becomes 49 immunocompromised. 50
51
In chronically infected mice, T. gondii provides protection against lethal pathogens (2-52 7), largely through a strong immune response against the immunodominant antigen 53 profilin (PRF, (8)). PRF binds the murine Toll-like receptors 11 and 12 (TLR11/12) which 54 leads to an interleukin-12 (IL-12) dependent interferon gamma (IFNγ) response (9-12). 55
Continual IFNγ production is required to suppress chronic T. gondii infection, as 56 reduction of IFNγ in chronically infected mice results in tissue cyst reactivation and host 57 death (13, 14) . Although the immune mechanism is different in humans, a continuous 58 suppression of T. gondii by the immune system is required for survival (15). This effect 59 is evident in patients with chronic T. gondii infection who become immune compromised 60 4 by an immunosuppressive disease or chemotherapeutic treatment. These patients 61 suffer from encephalitis when brain cysts reactivate into tachyzoites. 62
63
The immune response to parasitic protozoans, like T. gondii, Leishmania, and 64
Plasmodium, vary between male and female hosts. During acute T. gondii infection, 65
females show reduced survival rates and lower cytokine levels compared to males (16). 66
Innate and adaptive immune cells are influenced by sex hormones that impact the 67 immune response to protozoan infections (17). Treatment with sex hormones, like 68 estradiol and estrogen, increase acute pathogenesis (18) and increase the number of 69 brain cysts in both male and female mice (19, 20) . Although the effects of sex hormones 70 on acute T. gondii infection have been well studied, comparisons between male and 71 females during chronic infection have varied depending on mouse genotypes. Cyst 72 counts between male and female outbred mice show no difference between sexes (19), 73
whereas inbred B6 female mice have slightly more brain cyst compared to male during 74 early chronic infection (16). 75
76
To start understanding the long-term interactions between the parasite and host, the 77 host/parasite transcriptomic profile was compared at the peaks of acute and chronic 78 mouse infection (21). The number of highly expressed host genes specific to chronic 79 infection was striking and required further investigation. In this manuscript, we used high 80 throughput RNA sequencing (RNAseq) to examine the host response late into chronic 81 T. gondii infection. Brain tissue of CBA/J mice infected from 21 days through 6 months 82 of infection was analyzed, and both male and female mice were included to account for 83 5 sex dependent responses to chronic T. gondii infection. We found that a majority of the 84 host genes which are increased in abundance at 21 days postinfection are still more 85 abundant at 6 months postinfection in both sexes. While most of the host response is 86 similar between sexes, females have far fewer genes that are significantly less Table S1 ) for analysis. Reads were also aligned to T. gondii (normalized values in Table  108 S2); however, the RNA processing methods used did not allow for efficient RNA 109 extraction from the cysts, so no comparisons were performed with the T. gondii 110 transcripts. Analyzing the similarity of samples using the mouse alignment data through 111 a principle component analysis showed distinct grouping between male and female 112 groups as well as infected and uninfected samples ( Fig. 1B) . Within each group, 113 separation of the 180 day samples is seen, likely due to age related changes in the 114 mice since this happens in both uninfected and infected samples. Pearson's correlation 115 coefficients show high similarity among all samples (ranging from 84-99% similar; Table  116 S3), with the greatest difference between infected and uninfected samples of either sex.
118
We first compared the differential expression of host genes from infected female 119 cerebral cortex to their corresponding uninfected controls (Table S4) . A statistical cutoff 120 of an adjusted p-value (false discovery rate) of <0.05 was used for all analyses, and 121 genes with >2-fold change from uninfected mice were identified to increase the 122 likelihood of biological significance. This threshold identified 1660, 1369, 745, and 1256 123 genes differentially expressed in female mice at 21, 28, 90, and 180 days postinfection, 124 respectively. Nearly all these genes were higher in abundance, as only 110, 28, 6, and 125 52 genes were less abundant at 21, 28, 90, and 180 days postinfection, respectively. 126
This result was similar to that seen in the previous chronic transcriptional analysis of T. 127 gondii infection (21). Of the significantly less abundant genes, the average change was 128 approximately 2.5-fold for all timepoints expect for the 90-day timepoint which averaged 129 5.0-fold reduction. No gene was >10-fold reduced for any of the female timepoints. 130
131
Host genes with greater abundance are shared between early and late chronic 132 infection. Among female genes with greater abundance, 710 are shared between all 133 timepoints ( Fig. 2A ), which represents approximately half of all differentially expressed 134 genes at 21, 28, and 180 days postinfection and 95% at 90 days. The results were 135 similar for male mice, with 609 shared genes between days 28 and 180 ( Fig. 2B ), out of 136 2009 and 1014 genes more abundant at 28 and 180 days postinfection, respectively, for 137 males. The number of unique female genes is drastically reduced from 21 to 28 days 138 postinfection (322 to 48, respectively). This large set of 21 day unique genes suggests 139 these genes may be either acute stage specific genes or genes required for the onset 140 and establishment of chronic infection. As evidence for both scenarios, 193 of the 322 141 genes specific for 21-days are also differentially expressed when comparing chronic 142 transcripts at 28 days to acute transcripts at 10 days postinfection (21). 143
144
To understand which host genes were the most responsive to infection, we sorted for 145 genes with a 20-fold or greater abundance in infected versus uninfected mice. 92 146 female genes met these criteria in both early (28- Moreover, 40 of the 42 shared male genes are also shared with females at both 28 and 153 180 days postinfection ( Fig. 3C ), demonstrating that the host continues to robustly 154 respond to T. gondii months after initial infection and genes with greater abundance are 155 shared between sexes during chronic infection. 156 9 40 are >10-fold reduced at 28 days and 3 genes reduced at 6-months postinfection, 163 none of which are common between the two timepoints (Table S5) . 164 165 Gene ontology analysis shows immune response late into infection. To 166 understand the roles for these common genes during in infection, we analyzed the sets 167 of shared genes for gene ontology (GO) enrichment. Using the 710 greater abundant 168 genes shared among the female timepoints, 370 GO terms were significantly enriched 169 (Table S6) . Similarly, 291 GO terms were identified within the male dataset of shared 170 more abundant genes (Table S6 ). All the most enriched GO terms related to immune 171 responses or other responses to infection and were the same for both males and 172 females ( Fig. 5A ). This immunological GO term enrichment is also found among the 173 >20-fold more abundant genes ( TNFα, IFNγ, MCP1, and IL-12 were all decreased by approximately 70% from the levels 184 at 21 days postinfection; however, levels at 6-months were still significantly higher than 10 uninfected. These results were similar to the decrease in serum cytokines seen in 186 C57BL/6 mice at 8-weeks post T. gondii infection (22). While IL-6 and IL-10 both 187 showed a trend of elevated serum concentration compared to uninfected, not all 188 timepoints reached statistical significance. Comparing cytokines from male to female, 189 we found the same trend of decreasing concentrations for TNFα, IFNγ, MCP1, and IL-190 12 for both sexes. In addition, IL-6 and IL-10 were variably significant for both sexes 191 throughout infection compared to uninfected. Although some cytokines tended to be 192 lower in males, these differences were not statistically different. had 90% survival at the start of chronic infection (28 days) ( Fig. 7B ). Although male 217 mice had a slightly lower survival percentage throughout chronic infection, the survival 218 curve did not reach statistical significance between sexes. Males had a 2-fold higher 219 cyst at 3 months postinfection (Fig. 7C ). As the majority of the mice do not survive to 6 220 months postinfection, the cyst counts in the remaining mice are highly variable, 221 especially in the males (Fig. 7C ). These small differences in survival and cyst counts 222 may be related to the slight reduction in key cytokines in males during chronic infection 223 ( Fig. 6) . 224
225
Although most differentially expressed genes were common between sexes, 11 genes 226 (Table S7) were increased 20-fold in females but not in males (Fig. 3C ). The two genes 227 with the greatest difference between sexes were CXCL13 and CCR2. CCR2 is the 228 receptor for MCP1, and T. gondii PRF confers resistance to a secondary bacterial 229 infection by recruiting monocytes in a CCR2 dependent manner (8). We tested the 12 ability of T. gondii to confer resistance to Listeria monocytogenes in male mice during 231 chronic infection ( Fig. 8A) and found a 3.3 log reduction in CFU from the spleens of 232 male mice chronically infected with T. gondii. This was similar, to the 3.6 log reduction 233 seen in chronically infected females (8). To directly compare male and females, and as 234 PRF is the CCR2 stimulant, we treated mice with 10 ng PRF (as a proxy for chronically 235 infected mice) prior to L. monocytogenes infection (Fig. 8B) . The 3.2 log CFU reduction 236 seen in male mice when treated with PRF was nearly identical as chronic infection, and 237 female mice showed a 3.6 log reduction, similar to results seen previously (8). Although 238 female mice had an overall higher CFU burden compared to males, the CFU reduction 239 was slightly greater for female mice, but this difference was not statistically different. 240
While female and male mice have similar protection against T. gondii (Fig. 7) and L. 241 monocytogenes (Fig. 8 ), the precise molecules and their intensities of that protection 242 are different, so mechanistic analyses should include both sexes in the studies. reduced after the 21 day timepoint, but they are still significantly higher than the age-263 matched uninfected mice. Nearly half of all the genes that increased in abundance at 21 264 days post infection (start of chronic infection) were still increased 6 months postinfection 265 (Fig 2) . All the most enriched GO terms from this set of genes related to immunological 266 responses (Fig. 5) . Although the amplitude of expression for immunological genes 267 during late-chronic infection may be reduced for some genes such as TNFα and IFNγ, 268 they are still significantly more abundant than in the uninfected controls and many 269 genes are >20-fold increased (Fig. 3) . Given these results, it is not surprising that 270 natural killer cells isolated from the peritoneal cavity of mice continue to be activated out 271 to 6 months postinfection (28) While the majority of the differentially expressed genes are shared, key factors showed 278 differences between the sexes leading to altered responses to the infection. Levels of 279 CCR2 expression was higher in females, along with a trend of increased serum cytokine 280 concentrations, compared to male mice (Fig. 6 ). We previously found that CCR2 is 281 essential for T. gondii chronic infection and PRF to confer resistance to L. 282 monocytogenes in females but these findings were not tested male mice. In this current 283 study, we found that both chronic infection and PRF treatment were effective to reduce 284 the L. monocytogenes bacterial burden in male mice, similar to female mice. PRF 285 treatment reduced bacterial burden in males by 3.2 logs compared to untreated males, 286 related to the bacterial reduction of 3.6 logs for females ( Fig. 8) . These results A striking difference between the sexes was seen in the number of genes with lowered 292 abundance during infection. While female mice only had around one hundred genes 293 with reduced abundance at each timepoint, male mice had over 2000 genes at 28 days 294 postinfection and over 1000 at 6 months postinfection with lowered abundance (Fig. 4) . 295
Many of the most reduced genes have an unknown function (Table S4 ), but five of the 296 most reduced genes are named genes: FCRLS, DLG2, PPIL6, SCEL, and MARCH10. 297
These genes are all reduced specifically in males except for FCRLS which is reduced at 298 in both sexes. Disks large homolog 2 (DLG2, transcript number 299 ENSMUST00000207095) is a membrane-associated guanylate kinase that forms 300 multimeric scaffolds at postsynaptic sites. While DLG2 knockout mice have normal 301 synapse development (29), they have abnormal thermogenesis and bone density (30), 302
suggesting male mice may have altered metabolism during T. gondii infection. 303
Peptidylprolyl isomerase like 6 (PPIL6), is a gene enriched in olfactory sensory neurons 304 (31); however, the biological function is unknown, as the PPIL6 catalytic site is inactive 305 (32). As mice have altered perception of feline urine scent (25), PPIL6 may play a role 306 in this mechanism for male mice. 307 308 Sciellin (SCEL), is a protein thought to function in the assembly or regulation of cornified 309 envelope proteins in keratinocytes (33), and membrane associated ring-CH-type finger 310 10 (MARCH10) is a ubiquitin ligase (34). Although the role of SCEL and MARCH10 in 311 the brain has not been determined, links of these genes can be drawn to Alzheimer's 312 disease. A specific type of keratin has been detected in cerebrospinal fluid of patients 313 16 with Alzheimer's disease but not healthy individuals, which may be the result of blood 314 brain barrier breakdown or dysregulation of the ubiquitin proteasome (35). Since SCEL 315 is involved with cells which produce keratin and MARCH10 is a ubiquitin ligase, these 316 genes may play a role in the mechanism of keratin accumulation in the CNS. 317
318
One host gene less abundant in both males (28-fold at 28 days) and females (8-fold at 319 28 days) is Fc receptor-like S scavenger receptor (FCRLS), a protein with unknown 320 function that is highly expressed on microglia (36). FCRLS resembles an Fc receptor 321 but does not bind antibodies. It is interesting to notice that other microglial-specific 322 markers, such as P2ry12, Mertk and Gas6, have similar transcript levels in infected and 323 uninfected males, while C1qa and Pros1 are significantly more abundant in infected 324 versus uninfected males (Table S3 ). These results point to a specific downregulation of 325 FCRLS in microglia by T. gondii, and not a global downregulation or lysis of microglia 326 cells by T. gondii. 327
328
This current study is another example of the importance of using male and female mice 329 when studying the immune responses to T. gondii. Our previous studies of chronic T. 330 gondii infection being protective against other pathogens were all performed exclusively 331 in female mice (8, 37, 38). Our methods in the manuscript did not state the sex of the 332 mice, but our records indicated that only female mice were used. The original studies on 333 the effects of chronic infection being protective against other pathogens either did not 334 say the sex of the animal (4) or they only used female mice (5-9), so this study is the 335 first to show that the protective effects of T. gondii chronic infection are not exclusive to 336 female mice. This phenomenon and several other immune studies will have to be re-337 examined in both male and female mice in light of these new findings to better 338 understand the host immune response to T. gondii. Quantitation of brain cyst burden. Whole brain tissue was homogenized using a pellet 401 pestle (Kontes) in PBS. Homogenate was fixed in 4% paraformaldehyde, then blocked 402 and permeabilized in PBS with 3% BSA and 0.2% Triton X-100. Biotinylated Dolichos 403 biflorus agglutinin (DBA; Vector Laboratories) was used to mark the surface of the T. 404 gondii cyst and was visualized using Alexaflour-594 conjugated streptavidin (Thermo 405 Scientific). Cysts were counted by microscopy to calculate cyst burden for each brain. 
